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I.  Abr.  tract 

Polymeric  binders  in  propellants  usually  constitute  from  16-20%  of  the  total  weight 
of  the  propellant.  Both  of  the  problems  of  oripinnl  processinp,  of  propellants  and  of 
disposing  or  reprocessing  of  obsolete  propellant  are  formidable  ones  because  of  the  time 
requirements  for  the  cross-linking  or  curing  step  and  the  resultant  crosslinked  nature 
of  the  binder,  which  makes  it  impossible  to  dissolve  in  solvents.  The  encasement  of 
oxidizer  and  metal  particles  in  the  water- insoluble  binder  makes  it  impossible  to  remove 
the  water-soluble  oxidizer  by  solution  in  water.  Although  much  effort  has  been  expended 
to  develop  methods  of  degradation  of  the  binders,  directed  predominantly  toward  cleavage 
of  the  cross-links  by  solvolytic  methods,  which  might  permit  economic  recovery  of  the 
raw  materials,  these  approaches  have  not.  proven  satisfactory  from  many  standpoints.  If 
a  binder  system  could  be  developed  which  would  not  require  formal  covalent  cross-links, 
many  problems  involved  with  initial  processing  of  the  propellant  and  particularly 
economic  recovery  of  obsolete  propellant,  could  be  accomplished.  Within  recent  years, 
thermoplastic  elastomers  have  been  developed,  and  such  materials  have  replaced  conven¬ 
tional  cross-linked  or  vulcanized  elastomers  in  many  applications.  However,  to  the 
best  of  our  knowledge,  the  use  of  thermoplastic  elastomers  to  replace  conventional 
cross-linked  elastomers  as  binders  in  propellant  technology  had  not  been  applied  tech¬ 
nically  nor  studied  from  the  theoretical  or  feasibility  standpoint  before  the  present 
research  program  was  undertaken  on  ARO  Grant  No.  DAAG29-76-G-0223.  Thermoplastic 
elastomers  are  known  to  combine  in  large  degree  the  end-use  characteristics  of  vul¬ 
canized  elastomers  with  the  rapid  processing  advantages  of  thermoplastic  materials. 

They  generally  exhibit  a  continuous  two-phase  domain  structure  in  which  a  crystalline, 
highly  polar  "hard”  segment  serves  as  tie  points  or  "pseudo-cross-links"  that  bind  an 
amorphous  "soft"  segment  into  a  thermally  reversible  network  resembling  that  of  con¬ 
ventionally  cross-linked  elastomers.  When  heated  above  their  melting  points,  the 
elastomers  soften  and  flow  easily  under  low  pressures,  but  develop  high  strength  and 
elastic  properties  upon  cooling.  It  was  the  objective  of  the  present  investigation  to 
conduct  a  fundamental  study  of  the  feasibility  of  utilizing  or  developing  suitable 
thermoplastic  elastomers  for  use  in  propellant  technology,  and  considerable  progress 
has  been  made  toward  achieving  this  objective.  A  wide  variety  of  thermoplastic  elas¬ 
tomers  of  novel  structure  have  been  synthesized,  and  their  fundamental  physical  pro¬ 
perties  determined.  As  a  result  of  this  study,  a  number  of  carefully  selected  samples 
were  submitted  to  personnel  at  Redstone  Arsenal,  Alabama  for  evaluation  as  thermoplastic 
propellant  binders.  Although  no  formal  nor  written  report  was  ever  received,  limited 
verbal  communication  has  strongly  indicated  that  the  present  approach  is  a  feasible  one, 
and  has  made  it  possible  to  extrapolate  to  a  set  of  "necessary"  properties  of  the 
material  to  meet  the  required  objectives. 
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II.  Introduction 


Polymeric  binders  in  propellants  usually  constitute  from  l6-20!»  of  the  total 
weight  of  the  propellant.  The  remaining  6U-dO%  Is  generally  mode  up  of  oxidizer, 
usually  ammonium  perchlorate  (AP)  60-62%,  aluminum  metal,  2-10?,  and  stabilizers, 
0-lJf.  Binders  most  often  used  appear  to  be  one  of  two  types:  (l)  cross-linked 
polyurethanes  or  (2)  cured  polybutadiene  prepolymers.  The  problem  of  disposing 
of  obsolete  propellants  is  a  formidable  one  because  of  the  difficulties 
associated  with  reprocessing  and  legal  limitations  on  burning  and  ocean  dumping. 

The  product  gases  from  burning  would  cause  serious  pollution  of  the  atmosphere 
and  ocean  dumping  could  cause  serious  damage  to  marine  life.  Reprocessing  is 
quite  difficxilt  because  of  the  cross-linked  nature  of  the  binder. 

A  desirable  means  of  overcoming  some  of  these  problems  would  involve  separation 
of  the  binder,  oxidizer  and  metal  by  suitable  physical  or  mechanical  processes 
which  would  permit  their  reuse.  Such  a  procedure  may  also  offer  Important 
economic  advantages,  particularly  if  recovery  of  each  component  coxild  be 
accomplished  in  reasonable  purity.  The  problems  associated  with  processes  directed 
toward  mechanical  separation  of  the  components  are  many.  The  cross-linked  polymeric 
binder  is  Insoluble  in  all  solvents,  making  it  impossible  to  remove  simply  by 
solvent  extraction.  Its  properties  are  similar  to  those  of  vulcanized  rubber.. 
Furthermore,  the  finely  divided  metal  and  oxidizer  particles  are  intimately 
coated  with  the  binder,  which  is  often  impervious  to  water,  making  it  impossible 

to  extract  the  water-soluble  oxidizer  from  the  metal  and  binder. 
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Extensive  efforts  both  in  these  laboratories  and  in  other  laboratories 
to  degrade  these  binders,  predominantly  via  solvolytic  or  chemical  cleavage  of 
the  cross-links  have  been  made.  Such  efforts  have  been  moderately  successful; 
however,  it  remains  to  be  established  whether  these  methods  can  be  utilized 
effectively  after  consideration  of  the  possible  alternatives,  the  potential  hazards 
and  safety  factors  involved,  and  the  economics  of  the  various  possibilities. 

In  addition  to  problems  associated  with  tjotential  recovery  of  obsolete 
propellants,  there  are  niunerous  problems  associated  with  initial  processing  of 
the  oxidizer-binder  mixture.  These  problems  are  associated  with  cure  time,  i.e. 
time  required  for  the  vulcanization  or  cross-linking  process  to  occur;  residuol 
chemical  changes  which  occur  at  a  lower  rate  but  continue  to  change  the  properties 
of  the  propellant  with  time;  different  storage  conditions,  particularly  the 
temperaturo  diffcrtMJces  which  exist  between  storage  areas,  which  would  cause 
the  residual  chemical  cliang.cu  referred  to  earlier  to  occur  at  different  rates; 
lock  of  uniformity  in  a  wide  variety  of  individual  conponenta  which  make  up  the 

? 


finally  vulcnnlzed  binder;  nnd  the  lack  of  reformablllty  of  the  cast  propellant, 
maklnc  It  relatively  Impossible  to  reuse  the  components  of  such  a  system, 
for  example  In  the  event  of  an  error  In  processlnt;,  without  extensive  degradation 
procedures  as  those  proposed  earlier. 

The  concept  of  replacing  conventional  cross-linked  binders  with  thermoplastic 
binders  Is  very  attractive  and  success  In  this  area  could  eliminate  many  of  the 

problems  outlined  above.  It  is  the  purpose  of  this  proposal  to  continue  a 

fundamental  study  presently  underway  of  available  thermoplastic  elastomers,  and 

to  synthesize  additional  thermoplastic  elastomers  possessing  a  specific  set 

of  physical  properties  which  have  been  formulated  as  the  result  of  the  present 

study.  The  synthetic  program  will  be  supplemented  by  a  systematic  study  of  the 

fundamental  properties  of  these  synthetic  materials,  and  determination  of  the 

feasibility  of  utilizing  such  materials  as  binders  for  propellants  instead 

of  conventionally  cross-linked  binders. 

III.  Background  Information  and  Present  Status  of  Problem 

As  pointed  out  in  Section  II,  the  most-often  used  binders  appear  to  be 
either  cross-linked  polyurethanes  or  cured  polybutadiene  prepolymers  in  which 
the  cross-links  are  of  the  ester  type.  A  brief  summary  of  the  chemistry  of 
these  two  binder  systems  and  development  of  the  thermoplastic  elastomer  concept 
are  presented.  Also  included  is  a  brief  summary  of  progress  to  date  on  the 
investigation  presently  underway  under  ARO  Grant  No.  DAAG29-766-0223. 


A.  Polyurethanes 

The  polyurethane  binders  are  produced  according  to  the  following  generalized 
reaction: 


n  0=C=N-S-N=C=0  +  X  HO-R'-OH  +  y  (HO^R” 

n  ■  X  ♦  2/3y 


0  0  0 

II  «  ..  « 

-R • -0C-NHR-NHC0R”0CrniR- 

I 

0 

-R-NH-C=0 

cross-linked  polyurethane 


Cross-link  density  Is  a  function  of  y/x,  since  the  trl functional  molecule  Is 
the  cross-linking  agent.  If  y/x  Is  large,  cross-link  density  wll]  bo  high. 
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If  y/x  Ic  low,  crons-llnk  density  will  be  low.  Plncc  the  pnlynret.henor,  nre 
cross-linkcd  polymers,  they  are  not  expected  to  be  soluble  in  luiy  solvent  unless 
degradation  of  the  cross-links  is  accompli shod  first.  The  rcmulnin^:  linear 
polymer  should  then  be  soluble  in  a  number  of  organic  solvents. 

(l)  Dihydroxy  Compounds 

(a)  Hydroxyl-terminated  Polyesters 

An  example  is  neopcntylglycol  nzclntc  (NPCA)  of  about  2000  molecular  weight 


?"3 


0 

II 


0 

II 


CH. 


Hf-O-CH--  C-CH.-0-C-(CH-).,-C  -h  0-CH  -  C-CH.,-0H 
Z  I  2  2  7  2  I  2 


CH, 


CH, 


(b)  Hydroxy-terminated  polyethers 

Perhaps  the  most  commonly  used  polyether  is  poly-(l,2-oxypropylene)- 
diol  (PPG)  of  about  2000  moleculeur  weight: 


(c)  Hydroxy-terminated  polybutadiene 

Perhaps  the  most  often  used  product  is  based  upon  lithium  initiated  polymer! 
sation  of  butadiene  followed  by  termination  of  the  anionic  chain  ends  with 
ethylene  oxide . 

HOCHgCHg  t  CH2CH=CHCH2  ^^CHgCH^OH 


(2)  Isocyanates 

The  isocyanate  used  must  be  at  least  difunctional.  Ibe  most  commonly  used 
diisocyanates  are  the  following: 


0»C=H  -t-  CHg  -}-gN=C=0 


2, ii-Toluenedi isocyanate  (TDI) 


Hcxomcthylene  diisocyonate  (HDI) 


(3)  Trifunctlonal  hydroxyl  comiKsncnts  (croca-llnkcrr.) 

ITie  cross-linkinp  component  must  have  a  functionnll ty  of  at  least  three. 
Trifunctlonal  alcohols  have  been  most  often  used,  llie  followinr,  trifunctlonal 
alcohol  derived  by  initiating  propylene  oxide  polymerization  with  trimethylolpropane 
Is  typicol  of  the  cross-linkers  used; 

•  CH,  CH,  CH- 

I  ^  I  ^  I  ^ 

H-f-  OCHCH-  -3-  0CH_-C-CH-0  -fr  CH.CHO  H 
c  n  <:  I  £  £  n 

0  -6-  CllgCllO  H 

(^3  " 

(1»)  Bonding  Agents 

Processing  often  required  the  use  of  certain  bonding  agents.  These  are 
highly  polar  organic  diols  or  triols  vhich  acciunulate  on  the  surface  of  the 
oxidizer  particle  yielding  a  dense  layer  of  hydroxyl  groups  for  the  initial 
reaction  with  the  isocyanate.  Triethanolamine  is  typical  of  such  bonding  agents 
used: 

(H0CH2CH2)3N 


B.  Polybutadiene  Binders 

Butadiene  prepolymers  containing  carboxyl  groups  along  with  a  curing  or 
cross-linking  agent  have  been  used  widely  to  make  the  binder  matrix  for  solid 
composite  propellants.  These  systems  provided  2-3  seco'nds  higher  specific  impulse 
and  permitted  manufacture  of  composites  containing  82  to  88^  solids. 

(l)  Polybutadiene  Prepolymer 

The  prepolymers  most  extensively  used  were: 

(a)  Copolymer  of  Butadiene  and  Acrylic  acid  of  molecular  weight  2000- 
llOOO  (PBAA) 

These  were  random  copolymers  and,  dependent  upon  the  method  of  synthesis,  varied 
from  zero  functionality  to  polyfunctionality  and  many  problems  resulted. 

(b)  Terpolymers  of  Butadiene,  Acrylic  Acid  and  Acrylonitrile  of  molecular 
weight  2000-J*000  (PBAN) 

Even  though  the  use  of  this  material  overcame  many  of  the  problems  associated 
with  PBAA,  the  problem  of  controlling  the  functionality  per  prcpolymer  molecule 
still  existed.  Prepoljmer  functionality  should  be  exactly  two,  i.e.,  every 
molecule,  should  contain  two  and  only  two  carboxyl  groups. 


(e)  Carboxyl  Terminated  Polybutadiene  of  molecular  weight  2000-h000  (CTPB) 
The  problem  of  functionality  was  so  important  to  reproducibility  of 
butadiene  based  propellants  that  an  extensive  research  procr/im  was  undertaken 
both  by  industry  and  government  to  provide  means  of  controlling  the  functionality. 
The  following  reactions  were  developed  to  produce  carboxy-terminated  nolybutadienc 
[i]  Free- radical  Initiated  Reaction  Using  Glutaric  Acid  Peroxide^ 


0  0  0  0 

II  |i  II  ll 

HOC  ( CHg )  ^COOC  ( Cllg )  ^COU 


2ilOC(CH^)^C}l^’  +  aCOg 


2n  CH  =CHCH=CH.,  S  m  . 

- ^  2H0C(CH,)3(CH,CH=CHCH3). 


r  0 

II 

-  HOC 


1100(0112)3-  (CH2CH=CHCH2-)^ 


ij 

[11]  Free-radical  Initiated  Reaction  using  li.li'-Azobis-li-cyanopontanoic  Acid 

0 

HOCCHgCHg  C  -  N=N-C  CHgCHgCOH  - >  2H0CCH2CH2C-  + 

CH3  CH3  CH3 

2n  CH_=CHCH=CH-  .  |  f"  ^ 

- 2 ^  HOCCHgCHg-C-f  CH2CH=CHCH2)-  couplini— ^ 

CH3 

till]  Anionic  Initiated  Reaction  Using  Lithium  Alkyls ^ 


2n  CH2=CHCH=CH2  CLi-«:H2CH=CHCH2-)|j3^ 


[HOC4CH.,CH=CnCH.,4-iiR 
2  2  n  2 


[iv]  Free-radical  Initiated  Reaction  using  Cyclohexanone.  Peroxide 


H0>^0-0v^0H 

.  0  0 


FeSOij 


0- — ' '  0 


»2H0?(CfU)  •  ^  CH2=CHCH=Cn2  [HoC(C!L)c«:noCH=CHCn,-)-^ 


(2)  Curine  Acenta  or  Croas-llnklne  Agents 

Curing  agents  often  used  are  di-  or  tri functional  compounds  in  the  range 
of  0.2  -  1.05  of  total  which  react  with  the  carboxyl  groups  of  the  prepolymer 
to  produce  the  binder  matrix.  The  following  chemical  types  are  representative: 
(a)  Epoxides 

The  following  structures  are  typical  polyfurictionul  epoxides: 


N(CH.,CnC!'  )« 
.V  V'  2  2 

OCHjCJlCHj 


A 

CHjClICHj 


OCHjCHCH^ 
Cn2CHpH2 


(CH3)2C-( 


Cl 

och^ch'ch^)^ 


EPJLA-0510 


Epon  X-801 


EER-332 


The  nature  of  the  curing  or  cross-linking  reaction  can  be  represented 
as  follows: 


(b)  Azirdines 

The  following  structures  are  typical  polyfunctional  aziridines: 


MAPO  BITA 


The  nature  of  the  cross-linking  reaction  of  polybutadiene  prepolymer  with 
aziridines  can  be  represented  as  follows: 
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/.  Hlatory  of  Discovery  and  Development  of  Tl^ermoplastic  Elastomers 

Hie  earliest  observations  that  dipole-dipole  interoetions  between  polymerie 

chains,  when  sufficiently  stronR  could  produce  materials  which  would  perform 

in  a  manner  analocous  to  conventionally  cross-linked  or  vulcanized  polymers 
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was  made  by  Bayer  and  coworkers.  An  early  explanation  offered  by  these  authors 

to  account  for  the  properties  of  material  developed  by  them,  which  possessed 

vulcani zed-like  properties,  was  that  terminal  isocyanate  groups  may  have 

reacted  with  urethane  groups  to  give  allophanate  branch  points: 

0  0 

II  11 

- - 

I 

0=C-IIHR 

or  that  polymers  containing  urea  groups,  e.g.  by  addition-  of  water  or  amine 

chain  extenders  to  the  system,  could  have  reacted  with  terminal  isocyanate  groups 

to  lead  to  biuret  branch  points: 

0 

II 

R-N-C-NH-R 

I 

0=C-NHR~^-- 

either  of  which  could  lead  to  formal  covalent  cross-links.  However,  even  though  it 
has  been  shown  experimentally  that  both  of  the  proposed  reactions  can  occur,  it  was 
also  shown  by  these  authors  that  cross-linking  was  not  necessary  in  order  to  attain 
the  vulcani zed-like  properties,  but  that  the  highly  polar  urethane  groups  could 
exert  sufficient  interchain  attraction  to  produce  materials  which  exhibited  "virtually 

g 

cross-linked"  (VC)  properties. 

It  is  now  recognized  that  the  urethane  elastomers" differ  from  the  olefin-derived 
elastomers  in  that  hydrogen  bonding  and  other  Van  der  Waals  forces  play  a  much  more 
pronounced  role  in  the  urethane  systems.  The  original  investigations  showed  the 
beneficial  effects  of  strong  intemolecular  attraction  and  considerable  rigidity  in 
a  portion  of  the  chain.  Some  additional  properties  to  be  associated  with  thermoplastic 
elastomers  will  become  apparent  from  the  discussion  of  certain  typical  commercially 
available  materials  in  Section  B. 

The  following  are  typical  examples  and  most  probable  structures  of  some 

commercially  available  thermoplastic  elastomers: 

12 

(1)  Copolyester  Elastomers 

A  class  of  copolyester  elastomers  which  are  derived  from  terephthalic  acid. 


a 


polytetrJimothylcno  cthor  piycol  und  l,>i-but/inediol  and  which  have  the  foilowJn/;:  moat 
probable  structure  are  conmitrciully  available: 


S 


C0(CH2)j^- 


0  CHgCH^CHgCH^-O 


These  materials  exhibit  a  continuous  two-phase  domain  structure  in  which  the  crystalline 
short-chain  "hard"  segments  serve  as  tie  points  or  "pseudo  cross-links"  that  bind  the 
amorphous  polyether  "soft"  segments  into  a  thermally  reversible  network  resembling 
that  of  a  conventionally  cross-linked  elastomer.  However,  because  of  their  unique 
morphology,  they  are  true  thermoplastics  and  can  be  processed  routinely.  They  can  be 
molded  or  extruded  at  temperatures  from  350®  to  U80°F  (176-2U9°C)  and  need  no 
post-curing  to  attain  full  strength  and  dimensional  stability.  They  possess  good 
melt  stability  and  low  melt  viscosities,  which  provide  wide  processing  latitude  with¬ 
out  affecting  physical  properties. 

(2)  ABA  Block  Copolymers  of  Polystyrene-Conventionai  Hydrocarbon  Elastomer- 
Polystyrene 

ABA  block  copolymers  in  which  the  A  or  end  blocks  are  polystyrene  and  the  B 
blocks  are  conventional  elastomer-type  polyhydrocarbons  such  as  polybutadiene, 
polyisoprene  or  ethylene-propylene  copolymer  blocks  are  available.  The  combination 
of  rubbery  and  thermoplastic  behavior  is  possible  because  of  the  block  copolymer  struc¬ 
ture  which  makes  use  of  the  rigid  polystyrene  end  blocks  with  the  elastomeric  properties 
of  the  center  blocks.  Most  probable  structures  of  these  materials  are  shown  below: 

R 

I 

I  -f  CH„CH  -H-CH_C=CHCH^  -M-CH-CH  —  T  R  =  HorCH- 

2|  m  2  2  n  2|  3 

6  5  6  5  m 


I-f  CH  -CH  CH  CH  )  (CH-CH  ]-(-  CH_CH  T 

2|  X  22m2  n  2|  y 

^5  "6«5 

EPR 

(3)  Radial  Block  Copolymer  Elastomers 

These  materials  are  believed  to  consist  of  essentially  the  some  structural 
features  ns  example  (2)  above.  They  provide  good  physical  properties  without 
requiring  vulcanization,  and  exhibit  rubber-like  qualities  under  normal  environmental 
conditions.  I'fhcn  heated  above  their  melting  points,  the  elastomers  soften  readily  and 
flow  under  low  pressures,  and  devtjlop  high  r.trength  and  elastic  properti<?3  \ipon 
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ctmlinp,.  They  cun  bo  proccr.sod  ur.inr:  convcntl onul  equipment,  imd  soften  between 
200®  and  250®F  (93-121°C). 

(U)  Thermoplastic  Elastomers  Based  on  Ethylene-Propylene  Copolymers 

These  materials  can  be  processed  by  conventional  thermoplastic  techniques. 

These  are  four  basic  creAes  varying  in  hardness  and  other  properties;  however,  in 
general^ service  temperatures  are  limited  to  about  250°F  (121®C);  however,  up  to 
300°F  (l^9®C)  can  be  tolerated  for  short  periods  of  time.  Highly  stabilized 
grades  are  recommended  for  sustained  high  temperature  use.  The  nature  of  the  "hard" 
segment,  if  any,  in  this  thermoplastic  elastomer  group,  which  would  impart  the 
"cross-linked  effectiveness",  is  not  identified  in  the  published  literature.  The 
"soft"  segment  implied  in  the  published  literature  is  as  follows: 

f  CHgCHg  CHgCH  -fy 

The  "hard"  segment  could  conceivably  be  extended  blocks  of  crystallizable  poly¬ 
ethylene,  as  represented  by  x  above. 

Thermoplastic  elastomers  meet  the  usual  definition  of  an  elastomer  as  a 
material  which  at  room  temperature  can  be  stretched  repeatedly  to  at  least  twice 
its  original  length  and,  upon  release  of  the  stress,  will  return  immediately  with  force 
to  its  approximate  original  length".  The  high  elongation  amd  elastic  recovery  of 
thermoplastic  elastomers  are  in  sharp  contrast  to  the  much  lower  elongation  and 
high  permanent-set  characteristic  of  even  the  most  flexible  conventional  thermo¬ 
plastic  materials.  Thermoplastic  elastomers  also  exhibit  other  properties  similar 
to  vulcanized  rubber  as  subsequently  pointed  out. 

Conventional  elastomers  derive  their  rubbery  properties  from  permanent  bonding 
together  of  polymer  chains  via  covalent  bonds.  The  thermoplastic  elastomers,  in 
contrast,  have  their  elastomeric  properties  tailored  in  as  the  result  of  the  design 
of  the  individual  segments  of  the  chain  .  The  dipole-dipole  interactions  between 
the  "hard"  segments  of  the  chain  create  "cross-linking  effectiveness"  without  the 
requirement  that  formal  cross-links  be  introduced.  These  built-in  elastomeric 
properties  are  derived  in  different  ways  in  the  several  materials  which  are  commercially 
available.  In  addition,  there  are  many  ways  in  which  other  structurally  different 
thermoplastic  elastomers  possessing  the  particular  set  of  properties  required  for  a 
specific  application  could  be  synthesized. 

Tlio  use  of  thermoplastic  elastomers  to  replace  conventional  cross-linked  binders 
for  propellants  would  offer  the  following  advantages: 

(1)  Elimination  of  the  curing  or  cross-linking  cycle  with  attendant  savings 
in  cros:;-J  Inking  ag.ento,  proeer.slng  times,  and  curing  coots. 

(2)  Heuoe  of  materials  sueli  as  scrap  and  trlmmin/’s 
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(3)  Bottor  low  toinporoturo  i)roportioG  aro  [>rob.iblc'. 

(4)  Good  tensile  strength  and  elasticity  at  normal  tem[)eratures. 

(5)  Higher  coefficient  of  friction. 

(6)  Reduced  cost  of  recovery  of  materials  from  obsolete  or  discarded  systems. 

Brief  Outline  of  Research  Findings  -  ARO  Grant  No.  DAAG-29-76-G-0223 

(1)  Synthetic  Program--Modification  of  Diene  Polymers 

The  synthetic  program  was  primarily  concerned  with  modification  of 
preformed  diene  polymers  and  copolymers  with  the  objective  of  incorporating 
into  the  polymer  chain  sufficient  polar  group  content  to  impart  to  the  polymers 
thermop-lastic  elastomer  properties.  The  modification  agents  employed  were 
N-methyltriazolinedione  (MeTD)  and  N-phenyltriazolinedione  (PhTD).  Among  the 
diene  polymers  employed  were:  styrene-butadiene  (SB),  ABA  block  copolymers 
(75/25),  styrene-isoprene  (SI)  ABA  block  copolymer  (85/15),  polybutadiene  (PB) 
(cis/trans),  and  polyisoprene  (PI)(cis).  The  triazolinediones  undergo  a  very 
rapid  ene  reaction,  at  room  temperature,  with  the  allylic  system  of  the  polymers, 
thus  introducing  the  substituted  urazole: 


o 


The  urazole  groups  are  capable  of  forming  hydrogen  bonds  with  one  another  and 
have  been  shown  to  exhibit  "pseudo-cross-linking"  effects  in  the  polymer 
molecules,  thus  imparting  to  the  polymer  chain  the  desired  thermoplastic  elas¬ 
tomer  properties. 

A  wide  variety  of  modified  diene  polymers  and  copolymers  have  been 
synthesized  and  evaluated,  decomposition  temperatures  and  glass-transition 
temperatures,  Tg,  were  determined  using  differential  scanning  calorimetry  (DSC): 
tensile  properties  and  thermoplasticity  of  most  of  the  samples  were  detemrined. 

Evaluation  of  the  thermoplastic  properties  of  these  modified  copolymers 
was  done  by  observing  their  melting  behavior. 

Nineteen  commercial  samples  of  thermoplastic  elastomers  of  potential  use 
as  propellant  binders  were  acquired  and  submitted  to  personnel  at  Redstone 
Arsenal  for  evaluation. 

(2)  Results — Thermoplastic  Range  for  Modified  Copolymers 

(a)  The  thermoplastic  range  for  SB-PhTD  modified  polymers  was  0-1.441. 
Fusion  temperatures  were  132-154®C. 

The  range  for  the  SI-PhTD  polymers  was  0.151  (fusion  temp,  range  = 
103-132°),  and  for  the  SI- MeTD  polymers  was  0.59  (fusion  temp.  =  103°C) 


The  range  for  the  PB-PhTD  polymers  was  G-1%  (temp.  =  103°C) 

The  range  for  the  PI-PhTD  polymers  was  0-10%. 

Thus,  it  appears  that  a  reasonably  low  modification  changes  the  properties 
considerably. 

(b)  The  decomposition  temperatures  (DSC)  for  the  modified  polymers  appear 
to  be  a  function  of  the  diene  block  present  in  the  system;  however  these  tem¬ 
peratures  do  not  show  a  linear  variation  with  the  degree  of  triazolinedione 
modification,  which  indicates  considerable  hydrogen  bonding  at  certain  degrees 
of  modification.  At  higher  degrees  of  modification  steric  factors  may  hinder 
maximum  hydrogen  bonding,  thus  accounting  for  the  discontinuities  observed. 

(c)  The  intrinsic  viscosities  of  the  modified  polymers  show  minima  at  a 
certain  degree  of  modification  in  each  case,  thus  suggesting  that  the  maximum 
in  hydrogen  bonding  is  attained  at  this  specific  degree  of  modification.  This 
degree  of  modification  is  in  the  range  of  25%  for  the  PhTD-SI  system. 

(d)  Eight  samples  of  ABA  block  copolymer  modified  with  1-15% 
triazolinedione  were  prepared  for  the  purpose  of  determining  physical  properties. 

1.  1.08%  MeTD,  25g 

2.  1.44%  PhTD,  25g 

3.  5.00%  MeTD,  21. 5g 

4.  15.00%  PhTD,  27g 

5.  4.32%  PhTD,  27g 

6.  10.80%  MeTD,  28g 

7.  15.00%  MeTD,  23. 5g 

8.  5.00%  PhTD,  19.5  g 

Arrangements  were  made  with  Borg  Warner  Corp.  for  physical  properties 
determination  and  four  of  the  above  samples  were  submitted.  However,  before 
the  tests  were  done,  the  samples  became  infusible,  presumably  through  air 
oxidation.  Unfortunately,  no  antioxidant  was  used  to  protect  the  samples  from 
such  reactions. 

Modification  of  Polybutadiene; 

Modified  polybutadiene  samples  containing  PhTD  show  a  larger  decomposition- 
temperature  lowering  effect  than  those  modified  with  MeTD.  The  intrinsic 
viscosity  at  low  %  incorporation  seems  to  follow  the  same  trend  as  the  decom¬ 
position  temperature.  Between  0  to  1%  incorporation,  the  effect  on  the  molecular 
size  is  not  very  significant  in  the  case  of  MeTD  but  it  is  very  drastic  in 


the  case  of  PhTD.  The  result  indicates  that  hydrophobic  interaction  also 


contributes  to  strcnp.then  the  intramolecular  interaction.  Samples  up  to  1% 
incorporation  have  thermoplastic  properties  (170®C).  The  glass  transitions  as 
measured  by  DSC  show  increases  up  to  1%  modification.  There  is  a  drop  in  Tg 
after  5%  in  the  case  of  PhTD,  but  the  presence  of  more  MeTD  does  not  change  Tg 
of  polymer  very  much. 

Polyisoprcne: 

Polyisoprenes  (cis)  modified  with  PhTD  but  without  BHT  also  show  larger 
decreases  in  the  decomposition  temperatures  than  those  with  MeTD.  The  maximum 
effect  occurs  around  50%  incorporation  in  both  cases.  When  stabilized  with 
BHT,  polyisoprene  samples  modified  with  PhTD  have  decomposition  temperatures 
about  20-50°  lower  than  those  with  MeTD.  The  general  appearance  of  intrinsic 
viscosity  plots  against  %  incorporation  are  similar  in  both  MeTD  and  PhTD 
modified  polymer  samples.  Ir  spectra  confirm  the  presence  of  bonded  N-H 
stretching  around  the  region  3500-3100  cm  •.  Samples  up  to  7%  incorporation  have 
thermoplastic  properties  (145°C).  There  is  a  general  increase  in  Tg  for  polymer 
samples  modified  by  both  PhTD  and  MeTD. 

Poly( styrene-co-butadiene)  random  23%  styrene: 

The  reaction  with  this  copolymer  is  much  slower  probably  due  to  the  steric 
effect  of  the  aromatic  group  on  styrene.  In  the  range  of  0-10  mole  %  modification 
(with  BHT)  there  is  a  decrease  in  thermal  stability  by  23°C  in  the  case  of  MeTD 
whereas  a  lowering  of  37°C  in  the  case  of  PhTD  was  noted.  A  very  interesting 
phenomenon  was  observed  based  on  Tg  data.  Tg  increases  initially  to  1% 
incorporation  but  then  gives  two  values  for  higher  %  incorporation,  one  higher 
and  one  lower  than  that  of  the  original  polymer.  This  probably  means  a 
separation  of  the  copolymer  constituents  into  different  domains.  Intrinsic 
viscosity  [p]  vs  mole  %  incorporation  plots  show  a  gradual  drop  in  [r|]  with 
%  modification.  Copolymers  modified  with  PhTD  show  a  slightly  larger  drop  in 
[ri]  values  than  those  modified  with  MeTD  at  the  same%  modification.  GPC  data  show 
a  shift  of  signal  to  higher  elution  volume  indicative  of  strong  H-bonding  or 
intra-molecular  interaction.  This  coincides  with  the  drop  in  Cn]*  Since  GPC  and 
[ti3  are  measured  in  dilute  solution — intra-molecular  interactions  are  manifested 
here.  One  interesting  point  though;  in  the  case  of  MeTD  modified  styrene-isoprene 
block  copolymer,  broadening  of  the  peak  was  observed,  indicating  that  intra-  as 
well  as  inter-molecular  interactions  are  effective  in  the  polymer  solution.  In 
order  to  evaluate  the  extent  of  inter-molecular  interaction  (H-bonding)  melt  rheology 
as  well  as  tensile  properties  of  the  polymers  must  be  studied. 
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Polychlorofirone  dri<’l  Poly(.if:rylotntri1»--co-butndi<MK>)( A/R)  45”  A: 

In  efforts  to  test  the  reactivity  of  other  polyolefins — it  was  discovered 
that  polychloroprene  and  poly(acrylonitrile-co-butadiene)  gave  very  slow 
reaction  with  PhTD  and  MeTD.  Polychloroprene  required  24  hours  to  react 
completely  even  at  fairly  low  %  modification. 

Model  Compound  Studies: 

In  an  effort  to  establish  the  course  of  the  reaction  of  triazolinedione 
(PhTD)  with  polyisoprene ,  model  compound  studies  were  carried  out  with  2-methyl- 
1-pentene,  2-methyl-2-pentene ,  and  1-methylcyclohexene. 

Submission  of  Samples  for  Evaluation: 

Seventeen  samples  were  submitted  to  American  Enka  Laboratories  for  physical 
properties  determination.  Also,  fourteen  samples  were  prepared  and  submitted  to: 

Commander,  U.S.  Army  Missile  Research  and  Development  Command,  Attention:  DRDMI-TKC 
(Henry  Allen)  Redstone  Arsenal,  Alabama  35809,  for  testing  as  thermoplastic 
elastomer  binders  in  the  solid  fuel  research  program.  Eleven  samples  were 
prepared  for  biological  testing  in  view  of  the  fact  that  many  polyanions  have 
been  shown  to  possess  anti-tumor  and  interferon-generating  properties.  Four  of 
these  samples  were  submitted  to  Professor  Ray  Ottenbrite  of  Virginia  Common¬ 
wealth  University  for  evaluation.  Complete  evaluation  results  are  not  present  available. 
Modification  of  Poly( acrylonitrile-co-butadiene )(A/B)  45%  A: 

As  indicated  above,  this  copolymer  undergoes  very  slow  reaction  with  PhTD 
and  MeTD.  Complete  discolorization  occurred  only  after  six  hours  upon  reaction 
of  1%  of  linsaturation  with  PhTD.  DSC  analysis  showed  a  variation  of  softening 
temperature  between  400®  and  380®K  when  triazolinedione  content  varied  from 
0-15  mole  %,  and  a  general  increase  of  glass  transition  temperature  (Tg)  from 
247°  to  260°K,  indicating  the  influence  of  inter-  or  intramolecular  interaction. 

GPC  analysis  of  sample  with  1%  TD  modification  showed  a  shift  of  peaks  toward 
higher  elution  volume.  The  molecular  size  was  reduced  to  one-half  when  1%  MeTD 
was  used. 

Modification  of  Poly( 1,2-butadiene) (Firestone — 93.5%  vinyl  content) : 

NMR  analysis  (CDCl^)  indicated  76%  vinyl  content.  Reaction  with  TD  was 
fairly  slow,  1-2  hours  being  required  for  1%  modification  with  MeTD  and  PhTD. 

This  is  in  accord  with  the  model  compound  studies.  DSC  analysis  indicated 
thermal  decomposition  to  occur  at  235°C  for  1%  modification,  160°C  for  5% 
modification,  and  180°C  for  10%  modification.  Tg  (DSC)  showed  a  general  increase 
from  266°K  to  280°K  for  10%  modification  indicating  a  steady  increase  in  inter¬ 
chain  interaction.  GPC  analysis  showed  a  general  shift  in  peaks  toward  higher 
elution  volumes  with  increased  modification,  indicating  a  reduction  in  the 
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molecular  size  or  hydrodynamic  volume.  Thermoplastic  properties  are  retained 
only  up  to  modification  of  0.2%  MeTD  and  0.3%  PhTD.  Samples  of  unmodified 
polyd, 2-butadiene) ,  0.2%  PhTD  modified,  0.2%  MeTD  modified,  5%  PhTD  modified,  and 
5%  MeTD  modified  were  submitted  to  American  Enka  Laboratories  for  properties  evaluation. 
Physical  Properties  Evaluation  on  Modified  Poly(l, 2-butadiene): 

The  report  by  American  Enka  Co.  on  physical  properties  evaluation  indicated 

that  this  series  of  modified  polymers  illustrate  most  convincingly  the  effect 

of  the  urazole  unit  in  the  polymer  backbone  in  providing  sites  for  physical 

crosslinking;  in  other  terms,  this  series  demonstrates  without  question  that 

thermoplastic  elastomer  properties  are  imparted  to  these  materials  through  the 

urazole  unit.  The  results  show  that  5%  TD  modification  doubles  the  elongation-to- 

break,  the  Young's  modulus  and  tensile  strengths.  Tensile  recoveries  become 

greater  than  90%,  and  stress  decays  of  42-53%  are  obtained.  The  results  on 

other  polymers  evaluated  are  supportive  of  the  above  conclusions. 

Preparation  of  Thermoplastic  Elastomers  of  Low  Tensile  Strength,  High  Elongation 
and  Low  Mp  and  Tg: 

On  April  6,  1978,  Mr.  Henry  Allen  of  the  U.S.  Army  Missile  Research  and 
Development  Command,  Redstone  Arsenal,  Alabama  35809,  visited  our  research 
center.  Based  upon  discussions  with  him,  a  synthetic  program  designed  to  yield 
potentially  useful  materials  haying  low  tensile  strength,  high  elongation,  and 
low  melting  point  and  glass  transition  temperature  was  initiated. 

Reactants  and  Abbrevations  Used;  B-Poly(butadiene)diol  M  -2800;  S/B- 
Poly(butadiene-co-st3nr’ene)diol  (25%  styrene)  M^-2400;  C-Poly(caprolactone)diol, 

M^-2000,  mp  55°C:  E-Poly(ethylene  succinate )diol,  M^-1100  mp  86®C.  TDI  =  2,4-diiso- 
cyanatotoluene ;  HDI  =  1,6-hexamethylenediisocyanate;  BHT  -  2,6-di-tert-butyl-4- 
methylphenol  (stabilizer)  or  antioxidant. 

B  and  C  were  obtained  from  Scientific  Pol3rmer  Products,  Inc.  S/B  was 
obtained  from  Aldrich,  and  contained  25%  by  wt.  of  styrene.  E  was  synthesized 
by  reacting  excess  ethylene  glycol  with  succinic  anhydride.  M^  was  determined 
by  VPO. 

Using  varying  ratios  of  the  above  reactants,  nineteen  base  polymers  were 
prepared  and  evaluated.  One  of  these  polymers  composed  of  B,  77.3%,  E,  9.4%, 

S/B,  8.5%  and  chain-extended  by  HDI  in  an  OH/NCO  ratio  of  1.3  was  selected  for 
modification  studies  with  triazolinediones. 

The  Tg  measured  by  DSC  occurred  around  -80®C.  The  MW  by  GPC  is  between 
31,600  and  14,100  with  distribution  occurring  more  on  the  lower  MW  range. 

When  filled  with  80%  by  wt.  of  NH^^CIO^,  the  sample  remained  soft  but  retained 
structural  shape.  The  molecular  weight  distribution  could  be  reproduced 
repeatedly.  The  synthesis  was  repeated  and  modified  with  different  triazolinediones. 


as  indicated  below,  using  both  10%  and  5%  modifications.  The  preliminary 
evaluation  results  indicatcvl  that  5%  modification  is  sufficient. 


4-N-Substituted  Triazolinodiones  Used  in  Modification  Reactions  and 
Abbreviations:  R  =  CH^-,  MoTD:  PhTD:  CH,-(CH2)3-,  n-BuTD; 

CHg-C  t-BuTD:  and  C^gH^^TD. 

The  polymer  can  be  modified  with  different  triazolinediones  separately  and 
mixed  together  or  modified  with  several  triazolinediones  simultaneously  in 
order  to  obtain  a  broad  spectrum  of  properties.  Theoretically,  100%  of  the 
unsaturation  in  the  polymer  can  be  reacted  but  preliminary  results  indicate  that 
the  maximum  percentage  that  yields  modified  products  of  suitable  properties 
would  be  10%. 

Samples  modified  to  the  extent  of  5%  required  the  following  times; 

R  =  1  min;  R  -  CgH^-,  1  min;  R  -  n-butyl,  3  min;  R  =  t-butyl,  20  min;  and 

R  =  n-hexadecyl,  15  min.  All  samples  are  soluble  in  CH^Cl^.  Eight  samples 
(5  g  each)  were  submitted  for  evaluation  to:  Cammander,  U.S.  Army  Missile 
Research  and  Development  Command,  Attention:  DRDMI-TKC  (Henry  Allen),  Redstone 
Arsenal,  Alabama,  35809. 

(Sample  code,  polymer  description,  M^  GPC  peaks)  A,  Unmodif.  polymer,  31,600 

and  14,000;  B,  5%  MeTD  modif . ,  31,600  and  9,330;  C,  5%  PhTD  modif . ,  1,700;  D,  5% 

n-BuTD,  31,600  and  4,470;  E,  5%  t-BuTD,  35,500  and  13,500;  F,  5%  C,oH,„TD,  31,600 

1.0  3  / 

and  13,500;  G,  10%  n-BuTD,  26,900  and  5,010;  and  H,  10%  C,oH-.,TD,  28,100  and  7,410. 

Xo  o  / 

The  GPC  results  showed  that  PhTD  imparts  better  H-bonding  efficiency  in 
dilute  solution  than  other  triazolinediones  as  indicated  by  the  shifting  of  MW  to 
much  lower  value.  However,  in  solid  samples  t-BuTD  provides  more  reinforcement 
to  the  polymer. 

Verbal  communication  with  Redstone  Arsenal  indicated  that  evaluations  of  the 

above  samples  gave  promising  results,  and  on  the  basis  of  these  tests,  further 

modifications  and  larger  samples  were  requested  and  submitted:  B^^g  (10%  MeTD 

modified),  5g;  C^^q  (10%  PhTD  modified),  6.6g;  G  (same  as  above)  90g;  and  H 

(Same  as  above)  52g.  Although  no  formal  reporting  of  results  was  ever  received  during 
the  course  of  this  work,  verbal  communication  with  Rodstom'  Arsenal  personnel  indicated 
promising  results.  Smaller  samples  of  the  above  were  also  submitted  to  American  Enka 
for  physical  properties  studies.  Only  s.imple  C^g  gave  a  useful  film  in  these  tests 
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with  tho  followinp,  results:  Film  thickness  (mils):  3.6;  tensile  strength  (kp/cm  ): 

2 

12;  elonpation-to-bre.ik  (%):  500;  initi.il  mcxlulus  (kp./cm  ):  31;  strcT:s  dcicny  (%):  74; 
and  tensile  recovery  (%):  60,  The  initial  modulus  is  below  the  ranpe  of  100  desired. 

It  is  quite  likely  that  this  property  will  have  to  be  increased  by  further  modification. 

In  addition  to  the  polymers  and  copolymers  of  conjugated  dienes  described  above, 
a  polypentenemer,  derived  via  ring-opening  polymerization  of  cyclopentene,  and  poly- 
cis-piperylene  were  modified  with  both  MeTD  and  PhTD  to  the  extent  of  1,5,10,  and  15%, 
and  their  thermal  decomposition  temperatures  and  glass  transition  temperatures  were 
determined.  Trends  were  similar  to  those  previously  reported  with  thermoplastic  elas¬ 
tomer  properties  being  apparent  in  the  low  ranges  of  modification  of  1  -  5%. 

Summary  of  Modified  Polymer  Samples  Submitted  for  Evaluation: 


No. 

Laboratory 

Evaluation  Desired 

Results 

4 

Borg  Warner  Corp. 

Physical  properties 

Samples  deteriorated 

19 

Redstone  Arsenal 

Propellant  binder  properties 

No  formal  report 

26 

Redstone  Arsenal 

Propellant  binder  properties 

No  formal  report 

32 

American  Enka  Co. 

Physical  properties 

Results  included  in 
Paper  No.  3  below. 

4 

Virginia  Commonwealth 
University 

Biological  testing 

Negative  as  anti-tumor 
agents 
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General  Conclusions 


1.  Time  for  reaction  to  reach  completion  ranges  from  a  fraction  of  a  minute 
to  several  minutes  depending  on  the  amount  of  triazolinedione  used. 

2.  The  %  yield,  in  general,  is  in  the  range  of  90-95%. 

3.  Polymers  modified  with  more  than  20%  triazolinedione  are  insoluble  in  most 
organic  solvents  but  they  become  more  soluble  in  pyridine,  fcfhen  the 

%  incorporation  of  triazolinedione  exceeds  40%,  the  polymers  become  soluble 
in  10%  NaOH. 

4.  The  styrene /butadiene  series  has  higher  thermal  stability  (  10°  higher) 
than  the  styrene /isoprene  series. 

5.  Polymers  modified  with  PhTD  have  a  yellow  color  and  are  brittle  at  high 
PhTD  incorporation.  Polymers  modified  with  MeTD  have  white  color  and 
remain  tough  and  not  brittle  at  high  MeTD  incorporation. 

6.  The  tensile  moduli  for  the  styrene/butadiene  series  modified  with  MeTD 
are  higher  than  those  modified  with  PhTD. 

7.  Triazolinedione  modified  diene  polymers  must  be  protected  from  oxidative 
conditions  if  they  are  to  remain  thermoplastic. 

8.  Further  work  must  be  done  to  establish  the  chemical  mode  of  cross-linking 
(oxidative  or  chemical  characteristics  of  the  urazole  unit). 

9.  The  styrene  block  in  the  ABA  block  copolymer  does  not  appear  to  be  desirable 
in  the  development  of  thermoplastic  elastomers  of  the  type  being  studied. 

10.  Further  work  should  be  devoted  to  modification  of  cis-poly isoprene 
since  the  thermoplasticity  range  for  these  modified  polymers  is  0-10%. 

11.  Antioxidants  should  be  used  in  all  samples  to  be  submitted  for  physical 
properties  evaluation. 

12.  It  now  appears  entirely  feasible- that  suitable  thermoplastic  elastomers 
can  be  prepared  by  procedures  utilized  in  the  present  investigation  for 
use  as  propellant  binders. 
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T^U  I 

Em  Reaction*  of  Triazolinedionc  Second-Order  Rate  Conztant 


10  X  kj  (1/nol-sec) 


X 

Olefin 

Benzene 

- 1 

Methylene  Chloride 

s^-0> 

.*“3 

€> 

-«3 

“0^3  -0^3 

2 

0.29  - 

0.13 

0.29 

0.94 

1.1 

19.9 

(0.09)“ 

(0.09) 

(0.10) 

(0.07) 

(0.07) 

(1 

h 

9.S>» 

1.77 

3.30 

14.9 

15.5 

7.9 

13.9 

75.9 

(1.03) 

(1.24) 

(1.15) 

(1.10) 

(1.01) 

(1.13) 

(1.05) 

(1.07) 

s 

3e«|l| 

1.43 

2.97  . 

13.0 

15.4 

5.9 

13.1 

70.4 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

9 

S.kS 

1.95 

4.39 

17.9 

21.1 

9.4 

19.0 

95.4 

(1.S9) 

(1.35) 

(1.53) 

(1.37) 

(1.79) 

(1.35) 

(1.37) 

(1.35) 

4 

157.9 

47.9 

115.0 

509.0 

c 

300 

« 

e 

(45.7) 

(33.4) 

(40.1) 

(45.9) 

(49.5) 

4 

1.12 

0.56 

0.93 

4.37 

5.4 

2.5 

4.4 

25.5 

(0.99) 

(0.39) 

(0.32) 

(0.34) 

(0.33) 

(0.99) 

(0.94) 

(O.M) 

4 

7.95 

2.54 

9.77 

35.5 

•* 

(7.711) 

(J.55) 

(7.17) 

(7.47) 
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of  T0«  b  «  Initial  concantratlon  of  alk«n«,  k.  *  socond-ordor 


Solution  obsorption  bond  atsigmtonts  oro  shown  in  Tsbl*  XII 

^1%  Kodlficatlon _ 


Of  UnnKHliflea  .„d  Modified  SBS  Sample.  /  \  Spoctr.  of  Unmodified  end  Modified  SBS  Sample. 


Zafcarad  Spectra 


Tabu  111 


Xacrlnale  Viacoaity  Plot  of  SBS  Modifiad  with  FhTD 


Transition  Tomperatura  Plot  of  S/B  Modified  with  \  Flsfure  8f«  Class  Transition  Temperature  Plot  of  1,2-B  and  A/B 

—  and  HoTD  — \  Modified  with  PhTO  and  MeTD 


Figure  Ml  Plot  of  Decomposition  Tampsraturo  (TC)  for  X  Modified 
with  PhTD  and  MoTD 


Ttbl€  X 
T«n«lle 


Staple 

So. 

Description 

•  9 

Csstlns  Solvent 

Staple 

Thickness 

Mils 

Elmgstlon^ 
to  Break 
% 

Young's 

Modulus 

Kg/ecr’ 

Tensile^ 

Strength 

Xr/enr 

Tensile 

Recovery 

% 

k 

Stress 

Decay 

f 

1 

SBS 

Toluene 

li.2  (0.3) 

6li8  (30) 

218  (95) 

138  (  37) 

95  (0.2) 

20  (2.7) 

2 

SBS* 

1*  PhTD 

Toluene 

3.8  (1.0) 

879  (167) 

758  (82) 

77  (13) 

87  (0.9) 

k5  (k.5) 

3 

SBS 

IS  MbTD 

Toluene 

k.l  (O.T) 

79<<  (38) 

1038  (1U2) 

226  (52) 

9k  (0.2) 

23  (0.2) 

l> 

SI 

Toluene 

3.0  (O.U) 

121.5  (20) 

25  (1.3) 

231.  (21) 

97  (O.k) 

15  (O.k) 

5 

SI 

IS  PKTD 

Toluene 

2.1  (O.li) 

788  {>>6) 

22  (1.8) 

220  (1.3) 

90  (l.k) 

32  (0.9) 

6 

81 

IS  MeTD 

Toluene 

3.2  (O.T) 

1361  (1.8) 

16  (2.0 

80  (7.1) 

9k  (O.k) 

13  (0.5) 

T 

t 

Toluene 

1.3  (0.3) 

11.53  (167) 

32  (2.0) 

Ik  (O.T) 

82  (2.2) 

kk  (l.l) 

e 

B 

IS  PhTO 

Toluene 

3.3  (0.5) 

1782  (58) 

22  (5.0) 

28  (2.7) 

88  (0.9) 

28  (0.8) 

9 

B 

IS  Mi^D 

Toluene 

3.0  (0.9) 

1680  (.‘‘16) 

20  (k3) 

23  (3.9) 

89  (0.5) 

28  (l.k)' 

10 

B 

75S  PhTO 

ryrlrflne 

Tspiple  too  brltle  to  tent.  Vl()e  nn#:te 
i»h< •  M  polyuM'r  to  bo  enorfhoim. 

i-r«jf  photo 

n 

B 

T3S  PhTO 

K  null 

Wsier 

Pnisplo  t.tv*  brittle  to  tent.  Wl.i»'  nniMe 
fih«>v:*  po|yjiM»r  to  he  nri''rphoiirt. 

*»rny  photo 

t.” _ 


T 


iwinhlr  t'>  n  film- 


T«hU‘  X: 

huta 

-  continued 

i'ttinple 

No. 

Canting  Col  vent' 

Tent'  to 

Th  1 

MMn 

t<»  ’'fonk 

0 

Ymin>p'  It 

M<  hlul  ij.'t 

Ke/cm*' 

T.n;l  1..’ 

Cl.  h 

It 

Tonn!  lo  Cl.  roas 

Pocovory  I>eeay 

«  f 

n 

I 

1<  HiTD 

Toluene 

^unable 

to  cant  a  useful 

fU« - 

111 

I 

If  McTO 

Toluene 

——unable 

to  cast  a  useful 

fUn^ - 

15 

A/B 

Chloroform 

3.2  (0.3) 

llPit  (35) 

62  (3.1.) 

39  (1.7) 

61.  (2.0)  ko  (1.8) 

16 

A/B 

1*  PhTD 

Chloroform 

3.'t  (0.2) 

1286  (1.7) 

61  (5.5) 

27  (2.8) 

66  (l.k)  39  (2.3) 

17 

A/B 

IS  M.TD 

Chloroform 

3.3  (0.3) 

lO-’B  (58) 

69  (9.2) 

36  (6.7) 

63  (l.k)  38  (2.0) 

la 

I 

51  PhTD 

Chloroform 

— — unable 

to  eest  e  useful 

fll« - 

19 

I‘ 

5(  McTD 

Chloroform 

-—unable 

to  cast  .  useful 

fllii - 

20 

1.2-B 

Chloroform 

3.3  (0.5) 

136  (13) 

A6  (8.9) 

97  (21.3) 

•stress  decay  too  high  to 
measure  tensile  recovery* 
*  sample  fractured  in  less 
than  1  minute 

21 

1,2-B 

0.5S  MeTD 

Chloroform 

3.A  (0.3 

126  (8) 

1*5  (3.1.) 

107  (9.7) 

•Same  results  as  for 
sample  20. 

22 

1.2-B 

0.5<  MeTD 

Chloroform 

3.2  (0.6) 

150  (11) 

*•0  (5.3) 

111  (11) 

•Ssne  results  as  for 
sample  20. 

23 

1.2-B 

5.0<  PhTD 

Chloroform 

3.1i  (0.1) 

367  (17)  112  (3.0) 

267  (32) 

92  (0.5)  52  (1.0) 

CONTIinJED 


Table  X:  Tensile  Data  -  continued 


Sasiple 

Ho. 

Description 

2 

Casting  Solvent 

Sample 

Thickness 

Mils 

Elongation^ 
to  BreeX 
* 

Young's 

Modulus 

K<r/cm2 

Tensile^ 

Strength 

Kg/cm^ 

Tensile 

Recovery 

< 

1| 

Stress 

Decay 

< 

2). 

1.2-B 

55  MeTD 

Ch loro fora 

3.2  (0.2) 

391.  (21.) 

96  (12) 

229  (k9( 

93  (0.2) 

k3  (1.7) 

25 

SI 

5.0*  PhTD 

Chlorofora 

3.8  (0.5) 

650  (65) 

59  (k.l*) 

82  (11) 

76  (0.2) 

61  (0.2) 

26 

SI 

5.0*  MeTD 

Chlorofora 

3.1  (0.2) 

773  (52) 

25  (2.7) 

133  (Ik) 

86  (O.k) 

k2  (0.3) 

27 

SI 

15*  PhTD 

Chlorofom 

3.8  (0.5) 

650  (65) 

59  (A.k) 

82  (11) 

65 

69 

^Data  in  parentheaea  are  standard  deviations.  Unless  othervise  indicated,  5  measurenents  were  made  for  sair^le 
thickness,  elongations  to  break.  Young's  moduli*  and  tensile  strengths.  Three  measurements  were  made  for  tensile 
recoveries  and  stress  decays. 

^Four  gram  samples  were  dissolved  in  tOO  sd  of  solvent  (800  nl  for  samples  7,  8,  and  9)» 

Samples  were  extended  at  a  rate  of  ?0  Inches  per  minute. 

**f!anples  were  extended  at  20  Inches  per  minute  to  1/2  their  elongstlon  to  break  and  held  there  fori  and  1/2 
minutes  to  measure  stress  decay.  The  sample  was  then  returned  to  a  tero  stress  level  to  measure  tensile 
recovery. 

^Fourteen  measurements  were  made  for  sample  thickness,  elongation  to  break,  modulus,  and  tensile  strength. 

Five  mewsur«»wentM  were  made  for  trnnllc  rrmvpry  end  stress  decay. 
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FIGUIE  5:  PLOT  OF  .rOl£  PERCE;iT«riE  OF  BPriTD  COfTTEflT  VERSl'S 
RECIPROCAL  OF  A'.IRAGE  JIOLECULAR  VEIOHT  OF 
KODIFIED  PI  (O),  P?  (A)  AfJD  S/B  O. 


